The issue of testing CPT invariance at a B factory is considered. We present asymmetries that permit a clean extraction of quantities parametrizing direct and indirect CPT violation, using information from Y (4s) decay via coherent B& pairs into various final states. Estimates are given of the bounds on CPT violation that could be obtained in present and planned machines.
Introduction
Invariance under the combined discrete symmetry CPT is known to be a feature of local relativistic pointparticle field theories [l-7] , including the standard model. The current bound on CPT violation is obtained from experiments in the kaon system [ 8, 9] , where one figure of merit is a few parts in 10". The basic reason underlying the feasibility of high precision tests of CPT is the interferometric nature of the kaon system, in which a small mass difference and the possibility of strangeness oscillations amplify effects that would otherwise be unobservable.
The B"-3 system is also an interferometric system, but one with detailed properties different from the kaon system. In addition to its use as a probe of standard-model features and parameters, it is also possible at least in principle to use a B factory to further test CPT invariance. At present, several efforts are underway to develop B factories, for example, at Cornell and SLAC in the US and at KEK in Japan. ' These ' A discussion of some of the many extant proposals can be found in Ref. [ 101. machines are designed to create relatively high fluxes -of Y (4s) and hence of correlated Bj-Bz pairs.
Other than intrinsic interest, additional motivation for testing CPT comes from the possibility that it is violated in the context of string theory, ultimately due to the nonlocal nature of strings [ 111. It is natural to expect any effects of this type to be strongly suppressed at accessible energy scales. However, the interferometric sensitivity of neutral-meson systems may make such effects observable [ 12,131. In any neutral-meson system, the string scenario suggests that direct CPT violation would be too small to measure, so all complex direct-violation parameters are effectively zero. In contrast, for each meson system the real and imaginary parts of the complex indirect-violation parameter satisfy a certain condition (see Eq. (2) below), while the magnitude of this parameter can in principle take values attainable in the present or next generation of machines.
Experimentally testing these ideas evidently requires isolating the various quantities parametrizing CPT violation. In the decay of a vector meson to a correlated neutral-meson pair, a CP-violating effect D. Colladay. V.A. Kosteleclj/Physics Letters B 344 (1995) 259-265 (together with the associated T or CPT violation) can be extracted through consideration of selected asymmetries in decay rates to various final states. For the B system, the literature contains some asymmetries that vanish if CPT is preserved [ 13-151. However, the issue of a clean extraction of CPT-violation parameters has been an open problem because T and CPT effects have not yet been disentangled. One purpose of this paper is to fill this gap. We present a means of separating quantities parametrizing both direct and indirect CPT violation by identifying certain asymmetries that isolate these parameters. We also obtain estimates for the bounds on CPT violation that could be obtained in present and planned B factories using these asymmetries.
Preliminaries
In this section, we present key definitions and equations used later in the paper. Generally, our conventions [ 131 are analogues of standard ones in the kaon system. Throughout, we take all CP violation (and hence T and CPT violation) to be small, and we neglect terms that are higher-order in small quantities. aas = (fnlTIBs), GL = (falTlB~) (4) and their ratios qa = a,Ja,s, it follows that the amplitude d12( tl , t2) for the decay is
The eigenvectors of the effective hamiltonian for the B"-3 system are given by Experiments observe integrated rates. It is useful to introduce first the once-integrated decay rate where t = tl + t2 is the sum of the decay times and u = It2 -tl I is the magnitude of their difference. Calculation gives [ 131
The CP-violating complex parameters EB and 6~ are measures of indirect T and indirect CPT violation, respectively. For completeness, we note here that in the string-inspired scenario for CPT violation the quantity SB satisfies 
where by = ys -ye and Am = rnL -rns denote lifetime and mass differences, respectively, of the physical particles Bs and BL. Except where stated, we do not impose the condition (2) in what follows. In subsequent sections, we use the following twiceintegrated decay rates:
Note that we do not need the quantity ri;,,( ft ) = Cf2 r-( ft , f2) # r;,, ( fl ) in what follows.
Direct CFC violation
In this section we consider certain special B decays, called semileptonic-type decays, for each of which we present an asymmetry that extracts a corresponding parameter measuring direct CPT violation. These decays include the usual semileptonic decays, along with a special class of other modes B" + f for which there is no lowest-order weak process that 
In these expressions, the parameters on the right-hand side are all complex. The independent complex quantities Xf and X, are included to allow for the possibility of a violation in the AB = AQ rule. They vanish if the rule is exact, so in what follows we treat them as small. If T invariance holds, all the quantities xf, Xf, Ff, and yf are real. If CPT invariance holds, _xf = X, and yf = 0. The parameter yf is therefore a measure of direct CPT violation in the decay to the final state f. Its real part Re yf is the present focus of our attention. Each individual final state f offers the opportunity to test direct CPT violation through a measurement of the corresponding Re yf. To extract Re yf from rate information, we first determine the amplitudes introduced in Eq. (4). Using the above definitions, to first order in small quantities we find ufs=~Ff(L+Eg+BB-yf+lif).
ufL=~Ff(l+~~-SB-yf-+f),
a-=iF;(l-,,-S,+y;+Y;), fs Jz ~~~=-~F;(l-e~+S~+y;-?;). Jz
With these amplitudes, we can calculate for the correlated B pairs the inclusive decay rates I?;,1 ( f) of the type in Eq. (12), where one final state is required to be f while the other is arbitrary and where the decay into f occurs first. We can then extract the asymmetry A) between decays into f and J'. This asymmetry is proportional to Re yf.
Explicit calculation gives * = -2Reyf.
This asymmetry provides a clean way of extracting an effect from direct CPT violation, independently of any T or indirect CPT violation. In Section 5 below, we comment on the experimental feasibility of using this asymmetry and we provide an estimate of the bound attainable on Re yf using Eq. ( 15).
Although not central to the purpose of the present paper it is worth noting that, once a bound (or value) on Re yj has been extracted, the quantity ReEB measuring T violation can be determined without making the assumption of CPT invariance. Consider the total integrated rate asymmetry Ay7, given by =4Re(eg -yf).
We see that a nonzero value of the combination i ( AI;_"7 -2A)) = Re EB for any given final state f of thk semileptonic type can be unambiguously attributed to the T-violation parameter Re<B without making the assumption of CPT invariance.
We also note that the derivation of Eqs. (15) and ( 16) applies also to the F?-3 system, when the final state is f = ~-l+vl.
The quantities Re yl and ReeK for this system can therefore also be obtained in this way. Indeed, one can show that, in the absence of CPT invariance and without resorting to a fit to a Atdependent quantity, this method is the only way to extract Re EK from integrated asymmetries in 4 decay.
Indirect CPT violation
The complex parameter Sg is a measure of indirect CPT violation. We first consider a means of obtaining its real part and subsequently address the issue of the imaginary part.
Consider decays of the correlated B pair into either J/t,bKs or J/+KL in one decay channel and a semileptonic-type state f in the other. In analogy with Eq. (14), we define the transition amplitudes to the states involving fl and 3 as follows: The final products of the Y (4s) decay involve KS and KL rather than Z@ and 3. The ratios of matrix elements useful for asymmetry determination therefore involve the former states. Using the definitions ( 17)) we obtain: 
(J/W'?W") = FJ/+L(I -
In these equations, the parameters EK and 8~ are quantities parametrizing indirect T and CPT violation in the kaon system.
The goal is to identify an asymmetry or combination of asymmetries permitting the extraction of Re 8~. To this end, we introduce the following two rate asymmetries:
=2Re(EB -yf-Se) In deriving the explicit form of these two asymmetries, we have assumed that violations of the AB = AQ rule are independent of violations of CPT invariance, so that xf = Xf and XJ/,J = IJ/,+Q. Since Im FJIG controls the direct T violation in these processes, we have also treated it as a small quantity. The difference between the asymmetries in Eqs. (19) and (20) 
(21)
The measurement of AL,S provides a means of obtaining a fairly stringent bound on Re 8~. The point is that the parameter Re 8~ can be bounded using rate information from semileptonic K decays. This is discussed further in the next section. Note also that this result is independent of the state f, which makes the statistics more favorable by allowing a sum over the class of semileptonic-type final states. We emphasize that the asymmetry combination AL,J permits the extraction of Re 8~ independently of effects from direct CPT violation and direct or indirect T violation arising in either the B or the K systems.
Once a bound on ResB is established, ImSB can in turn be obtained from a measurement of double semileptonic decay rates of the Y(4S). The quantity to be measured is [ 131
In obtaining the explicit form of this asymmetry, it is assumed that any violation of the AB = AQ rule is independent of CP violation, so that xf = s";.
Estimates of bounds attainable
In this section, we investigate the bounds attainable from the above analyses on the quantities parametrizing direct and indirect CPT violation in the B system. Following the methods of Ref.
[ 191, for each of the relevant quantities we provide an estimate of the number of Y (4s) events required to reduce the error in the associated asymmetry to one standard deviation.
In general, for an asymmetry A = (N+ -N-) /( N+ + N-), the binomial distribution implies that the expected number of events (N+) required to observe a nonzero (A) at the NC level is N*( 1 + (A))( 1 -(A)*)/2(A)*.
To convert this to Y (4s) events, this number must be multiplied by two to account for the branching ratio of Y (4s) into two neutral B mesons and by the inverse branching ratio for the latter into the relevant final states. The assumption that any T and CPT violations are small implies that interference effects in the correlated decays can be neglected.
We first consider bounds on the various Re yf, which provide measures of direct CPT violation. The relevant asymmetry is A), given by Eq. ( 15). Since the second final state is unrestricted, it is sufficient to multiply only by the inverse branching ratio for the process B" --+ f. An additional multiplicative factor appears because the asymmetry involves only those events for which the decay into f occurs first. This factor is two because in the B system ys M ye, which makes At > 0 events about as likely as At < 0 events. Combining this information, we find that the number NY(Q) (Re yf ) of Y (45) events needed to reduce the error in Reyf to within one standard deviation (T is
Next, we consider the bound on Re 88, parametrizing indirect CPT violation. For the combination AL,S of asymmetries given by Eq. (21) 
Since AL,s is independent of the specific semileptonic-type final state f, the corresponding branching ratios can be summed. This gives cf BR( B" -+ f) N 15%. Since the Kc is roughly 50% KS and 50% KL., we take 
From the limit cited in Ref.
[ 201, the current bound on Re SK lies at the lop3 level. For simplicity, take Re SK to be zero, i.e., sufficiently well bounded by K-decay 
The ease with which experimental information can be obtained differs for the above quantities. In particular, the asymmetries involved in bounding Re yf and Im 8~ require knowledge of the sign of At. However, at a symmetric B factory the distance between decay vertices of the two B mesons is only about 60 pm, and information about the location of the Y (4s) decay is difficult to acquire. A symmetric B factory is therefore best suited to measure or bound Re 8~. The situation is improved at an asymmetric B factory, where the boost alters the topology of the events (see, e.g., Ref. [21] .) This creates a greatly decreased angular separation and hence an easier determination of the sign of At.
Summary
We have presented asymmetries that allow the independent extraction of quantities parametrizing both direct and indirect CPT violation in the B system. These asymmetries are given in Eq. (15) for Reyf, inEq. (21)forReSs,andinEq. (22)for ImSn.We have also shown that, once direct violation is measured or bounded, the quantity Re EB parametrizing indirect T violation can be obtained from the asymmetry ( 16) without assumptions regarding CPT invariance.
Assuming no severe acceptance or background effects, it appears experimentally feasible to put bounds on both direct and indirect CPT violation. Estimates of the bounds attainable are given in Eq. (23) for Reyf, in Eq. (26) for ReSs, and in Eq. (27) for ImSs. Bounding Re8s is possible at either a symmetric or an antisymmetric B factory. This can be performed by comparing Bd decays into J/t+bKs with decays into J,/$KL, without the need for information about At.
Measurements
of Re yf and Im 8s require a knowledge of the sign of At, which is more easily obtained at an asymmetric factory. Accumulation of about lo7 or lo8 correlated Bd-z pairs, which could result from about one running year at a B factory meeting typical design luminosities, should permit the determination of bounds on the various quantities to approximately the lo-* level. Independent examination of the different possible types of CPT violation in the B system is worthwhile since CPT invariance is a fundamental symmetry of the standard model. If any violation is uncovered, the possibility of stringy effects in the system can be tested and the source can be isolated by the methods presented above.
